Interleukin 17 (IL-17) has been linked to autoimmune diseases, although its regulation and function have remained unclear. Here we have evaluated in vitro and in vivo the requirements for the differentiation of naive CD4 T cells into effector T helper cells that produce IL-17. This process required the costimulatory molecules CD28 and ICOS but was independent of the cytokines and transcription factors required for T helper type 1 or type 2 differentiation. Furthermore, both IL-4 and interferon-c negatively regulated T helper cell production of IL-17 in the effector phase. In vivo, antibody to IL-17 inhibited chemokine expression in the brain during experimental autoimmune encephalomyelitis, whereas overexpression of IL-17 in lung epithelium caused chemokine production and leukocyte infiltration. Thus, IL-17 expression characterizes a unique T helper lineage that regulates tissue inflammation.
CD4 T helper (T H ) lymphocytes are essential regulators of immune responses and inflammatory diseases.
After being activated by professional antigen-presenting cells (APCs), T H cells differentiate into effector cells specialized in cytokine secretion and function. Effector T H cells have been classified as type 1 (T H 1) and type 2 (T H 2) based on their cytokine expression profiles and immune regulatory function 1 . T H 1 cells produce interferon-g (IFN-g) and mediate cellular immunity, whereas T H 2 cells produce interleukin 4 (IL-4), IL-5 and IL-13 and mediate humoral immunity and allergic responses. T H cell differentiation is regulated by the interaction of naive CD4 T cells with innate immune cells that express specific peptide-major histocompatibility complex class II complexes, costimulatory molecules and inflammatory cytokines.
Naive T cell activation normally requires two signals: T cell receptor (TCR) signals, and costimulation through several accessory molecules. The main costimulatory molecule on T H cells is CD28 (ref. 2) , which interacts with CD80 (B7-1) and CD86 (B7-2) expressed on mature dendritic cells and other APCs. The inducible costimulator ICOS is another member of the CD28 'superfamily' that also regulates naive CD4 T cell activation and effector differentiation 3 . In addition to TCR and costimulatory molecules, IL-12 produced by activated APCs is critical in T H 1 differentiation 4 . Additional cytokines in the IL-12 family, IL-23 and IL-27, are also important for T H cell differentiation and function 5, 6 . IL-23, in particular, is crucial in the pathogenesis of experimental autoimmune encephalomyelitis (EAE) and collagen-induced arthritis 7, 8 . Other cytokines also influence the development of effector functions of T H cells; for example, IL-4 produced by activated T cells (and perhaps by other innate cells as well) is crucial in driving T H 2 differentiation 9 .
T H differentiation and effector cytokine expression are mediated by several key transcription factors. IL-12 regulates T H 1 differentiation through activation of the transcription factor STAT4 (refs. 4, 5) . The transcription factor T-bet is a 'master regulator' of T H 1 differentiation through the potentiation of IFN-g production and suppression of T H 2-associated cytokine expression 4 . IL-4, in contrast, drives T H 2 differentiation through the actions of STAT6 (ref. 9 ) and GATA-3, which is a 'master regulator' of T H 2 differentiation through potentiation of IL-4 and suppression of IFN-g 10 . In addition, c-Maf has been identified as a T H 2-specific transcription factor that binds to the Il4 proximal promoter 11 . Studies of Maf-knockout mice and mice with overexpression of a Maf transgene, furthermore, have indicated that c-Maf selectively regulates Il4 expression 11, 12 .
IL-17 (also called IL-17A) has been associated with many inflammatory diseases such as rheumatoid arthritis, asthma, lupus and allograft rejection [13] [14] [15] . The IL-17 receptor (IL-17R) is distributed ubiquitously in various tissues 14 , and its engagement activates both transcription factor NF-kB and kinase Jnk pathways 16 . Many in vitro studies have indicated a proinflammatory function for IL-17 (ref. 15) . In particular, IL-17 has been linked to tissue neutrophil recruitment through the induction of granulocyte colony-stimulating factor and IL-8 (ref. 15) , and IL-17R-deficient mice have impaired host defense against microbacterial infection because of a substantial reduction in granulocyte colony-stimulating factor and macrophage inflammatory protein 2 in the lung 17 . IL-17 is also important in contact, delayed-type and airway hypersensitivities, as shown in a study using IL-17-deficient mice 18 . In related reports, IL-17-deficient mice 19 , as well as wild-type mice that received an IL-17R antagonist 20 , have shown resistance to an arthritis-like disease.
IL-17 expression is generally thought to be restricted to T cells. In humans, IL-17 is expressed by activated CD4 T cells and by T H 1 and T H 0 cells but not by T H 2 cells 21 , whereas in mice, IL-17 expression is strongly induced by IL-23 in memory T cells 22 . Notably, IL-23 (but not IL-12) deficiency is associated with resistance to EAE and collagen-induced arthritis 7, 8 , a phenotype that correlates with a defect in IL-17 expression 8, 23 . IL-23 also selectively expands IL-17-expressing T cell populations, which may also coexpress another IL-17 family cytokine, IL-17F, as well as tumor necrosis factor (TNF) and . These data suggest that a unique cytokine requirement is needed for generating T cells that express IL-17.
Here we have analyzed the regulation and function of IL-17 in vitro and in vivo. We found that IL-17 was expressed by a distinct lineage of T H effector cells; generation of these cells required CD28 and ICOS costimulation and was independent of the cytokine and transcription programs normally associated with T H 1 and T H 2 differentiation. In vivo, IL-17 potently regulated chemokine expression by tissue cells, and IL-17 overexpression in the lung caused airway inflammation. In contrast, IL-17-specific inhibition attenuated immune infiltration in the brain in an EAE model. We conclude from these data that IL-17 is expressed by a previously unknown subset of T H cells and is crucial in regulating tissue inflammatory reactions.
RESULTS

Generation of IL-17-expressing T H cells requires CD28 and ICOS
We hypothesized that antigen-specific naive T H precursor cells differentiate into IL-17-expressing effector cells during immune responses. To test this, we immunized C57BL/6 (B6) mice with myelin oligodendrocyte glycoprotein (MOG) peptide and, after 7 d, isolated spleen and lymph node cells and restimulated them with MOG peptide in vitro for cytokine production. We detected IL-17, IFN-g and TNF in supernatants only after restimulation (Fig. 1a) . In contrast, nonimmunized mice or those receiving only complete Freund's adjuvant (CFA) produced neither IL-17 nor IFN-g. We obtained similar results by intracellular cytokine staining of MOG-restimulated spleen and lymph node cells. The numbers of IL-17-producing CD4 cells were substantially and reproducibly increased after MOG immunization and did not express IFN-g (Fig. 1b) . These results indicated that naive MOGspecific T H cells differentiated into IL-17-producing effector cells in vivo after immunization with MOG peptide. IFN-g and TNF are also expressed by effector CD8 T cells 24 . To determine if CD8 T cells could also be stimulated to produce IL-17, we immunized B6 mice with keyhole limpet hemocyanin (KLH) protein, which elicits both CD4 and CD8 responses. We isolated spleen cells and, as with the CD4 T cells, stained them to assess intracellular expression of cytokines. In contrast to antigen-specific CD4 T cells, the KLH-specific CD8 T cells expressed IFN-g but much less IL-17 ( Fig. 1c) .
To further characterize the requirements for IL-17 expression, we next analyzed the function of CD28 and ICOS in the generation of IL-17-producing CD4 effector cells. First, we isolated ovalbumin (OVA)-specific TCR-transgenic CD4 T cells (OTII cells) from wildtype or ICOS-deficient mice and cultured them for 4 d with OVA peptide-loaded spleen cells from wild-type B6 mice or B7-deficient mice (Cd80 À/À Cd86 À/À ). Only OTII T cells positive for the variable Ifng a2-chain (V a 2 + ) remained in culture and had upregulated the activation marker CD44 and downregulated the cell surface marker CD62L (data not shown). We then washed the activated OTII cells and restimulated them for 24 h with antibody to CD3 (anti-CD3), after which we assessed cytokine production in cell supernatants by ELISA. Supernatants from cells deficient in CD28 costimulation (wild-type CD4 T cells plus B7-deficient APCs) contained much less IL-4, IFN-g and IL-17 than did wild-type CD4 T cells and wild-type APCs (Fig. 1d) . In contrast, T cells deficient in ICOS costimulation (ICOS-deficient CD4 T cells and wild-type APCs) produced both less IL-4 and IL-17 and more IFN-g than did wild-type CD4 T cells and wild-type APCs (Fig. 1d) . Finally, deficiencies in both B7 and ICOS caused the most profound cytokine defect, as T cells did not produce IFN-g, IL-4, or IL-17 after restimulation (Fig. 1d) . Consistent with that, naive ICOS-deficient (Icos À/À ) CD4 T cells, when activated with anti-CD3 and wild-type APCs, demonstrated defects in the production of IL-4 and IL-17 (Fig. 1e) . ICOS is thus differentially required for the development of T H cells into different effector subsets.
To understand the function of CD28 and ICOS in IL-17 regulation in vivo, we used wild-type B6 mice and mice deficient in B7, ICOS or both and immunized the mice with KLH in CFA. Consistent with the in vitro results, during ex vivo recall responses, T cells from mice deficient in B7 produced much less IFN-g, IL-17 and IL-4, whereas ICOS deficiency resulted in the production of less IL-4 and IL-17 but not IFN-g (Fig. 1f) . T cells from mice deficient in expression of both B7 and ICOS produced none of the cytokines found after stimulation of cells from mice with single deficiencies in response to KLH restimulation. Thus, both the in vitro and in vivo data indicated that CD28 and ICOS had specific and overlapping functions in the development of antigen-specific T H subsets from naive T cells and that the generation of IL-17-expressing T H cells was regulated by both CD28 and ICOS. Additionally, in the absence of both CD28 and ICOS costimulation, T cells did not differentiate into effector cells capable of expressing IFN-g, IL-4 or IL-17.
Regulation of IL-17 effector cell differentiation
Many studies have demonstrated that cytokine environment is critical for the development of polarized T H effector subsets with unique functions 1 . To determine which cytokines were required for the development of IL-17-expressing T cells, we incubated OTII cells for 5 d with OVA peptide-loaded B6 splenocytes in the absence or presence of anti-IL-4, anti-IFN-g or IL-23, restimulated the cells with anti-CD3 and then evaluated cytokine expression by ELISA (Fig. 2a) . IL-17 expression was increased substantially when anti-IFN-g was added during T H differentiation, suggesting that IFN-g negatively regulates the generation of IL-17-producing cells. IL-4 production and T H 2 differentiation were also increased in the presence of anti-IFN-g. Additionally, anti-IL-4 inhibited T H 2 differentiation and, when added in combination with anti-IFN-g, further increased IL-17 expression. Finally, the addition of IL-23 together with anti-IL-4 and anti-IFN-g led to the most IL-17 production, which we confirmed by intracellular cytokine staining. In contrast, there were very few IL-17-expressing V a 2 + OTII cells after activation in neutral conditions (Fig. 2a) . Finally, the combination of anti-IFN-g, anti-IL-4 and IL-23 greatly facilitated the differentiation of T H cells into IL-17-expressing cells, resulting in expression of IL-17 by more than 20% of the OTII T cells (Fig. 2a) . These in vitro experiments indicated that the differentiation of IL-17-producing cells occurred efficiently only in the absence of T H 1 and T H 2 cell development.
We further analyzed the development of IL-17-expressing cells in vivo. We immunized mice deficient in IFN-g with MOG peptide in CFA and assessed cytokine expression by intracellular cytokine staining and ELISA after MOG restimulation of T cells ex vivo. In cells from IFN-g-deficient mice, both the number of IL-17-expressing cells and the amount of IL-17 secretion after MOG restimulation were moderately but consistently increased (Fig. 2b) , supporting the conclusion that T H cell effector differentiation to IL-17-producing T H cells in vivo is negatively regulated by IFN-g. Using the same immunization protocol, we found that IL-4 was not detectable after restimulation and there was no difference in IL-17 expression in IFN-g-knockout mice after treatment with either anti-IL-4 or a control antibody (data not shown).
Because T H 1 and T H 2 differentiation are regulated by complex transcriptional mechanisms, we next evaluated STAT4-deficient and STAT6-deficient mice and BALB/c control mice that we immunized with KLH in CFA. As before, we restimulated cells from the spleen and lymph node ex vivo with KLH. Unlike IL-4 and IFN-g, whose production is greatly reduced in T cells from STAT6-deficient and STAT4-deficient mice, respectively, there was no difference in IL-17 production compared with that of control mice (Fig. 2c) . To analyze the involvement of T-bet in IL-17 expression, we immunized B6 or T-bet-deficient mice with MOG and measured IL-17 and IFN-g expression ex vivo. Although both the number of IFN-g-expressing cells and the production of IFN-g were much lower in the absence of T-bet, the number of IL-17 cells and the production of IL-17 much higher in T-bet-deficient mice after immunization (Fig. 2d) . To assess the involvement of c-Maf, the T H 2 transcription factor important for IL-4 expression, in IL-17 expression, we purified naive CD4 + T cells from mice with or without a c-Maf transgene on an Iocs +/À or Icos À/À background and activated them for 4 d with anti-CD3 and wild-type APCs. After restimulation, cells overexpressing c-Maf produced much more IL-4, but their expression of IL-17 as well as IFN-g was much less (Fig. 1e) . Thus, c-Maf seems to negatively regulate IL-17 and IFNg expression. In summary, our in vitro and in vivo experiments indicated that the cytokine and transcription programs regulating the differentiation of T H cells into IL-17-expressing cells were distinct from those known to be critical for T H 1 and T H 2 cells.
Regulation of IL-17 expression in effector or memory T cells IFN-g expression by T H 1 cells can be activated by concomitant stimulation with cytokines (IL-12 plus IL-18) and TCR stimulation 25 . To study mechanisms that may regulate IL-17 expression in the effector phase, we sorted CD4 + CD62L lo CD4 T cells, treated them with various stimuli and then measured IL-17 production. After TCR and CD28 stimulation for 36 h, we detected IL-17 production in culture supernatants (Fig. 3a) . We also evaluated the effect of IFN-g and IL-4 on IL-17 production. The addition of exogenous IFN-g or IL-4 alone did not affect the amount of IL-17 produced, whereas in combination they caused a moderate reduction in IL-17 ( Fig. 3a) . As effector or memory T cells in these conditions might produce large amounts of these two cytokines as well, we tested the effect of blocking with neutralizing antibodies. Treatment with anti-IL-4, anti-IFN-g or both greatly increased IL-17 production (Fig. 3a) . We also found that
B1S1 (ref. 26), a negative regulator of T cell activation, inhibited TCRdriven IL-17 expression (data not shown). In addition, because IL-23 induces IL-17 expression by effector and memory T cells 22 , we evaluated the effects of adding IFN-g or IL-4 on IL-17 expression
induced by IL-23. IFN-g had no effect, whereas IL-4 strongly inhibited IL-23-dependent IL-17 expression (Fig. 3b) .
IL-17 regulates chemokine expression
Although it is known that the T H 1 cytokine IFN-g regulates cellmediated immunity and T H 2 cytokines (IL-4 and IL-13) regulate humoral responses, the function of IL-17 is not understood as well. Published data have indicated that IL-17 is a proinflammatory mediator on multiple cell types in vitro 14 and acts in synergy with TNF to regulate inflammatory gene expression 27 . To better understand the direct action of IL-17 in immune responses, we did gene expression profiling analysis with an IL-17 recombinant protein that contains a human immunoglobulin G1 (IgG1) tag (IL-17-Ig) 28 . Treatment of mouse embryonic fibroblasts (MEFs) with IL-17-Ig induced IL-6 production that was inhibited by anti-IL-17 (Supplementary Fig. 1 online) . Next, we treated MEFs for 6 h with human IgG or IL-17-Ig and then prepared total RNA for DNA microarray analysis. We used a combined data processing strategy that takes into account both 'fold changes' and the l-value (which is a monotonically increasing function of likelihood ratio describing how likely the gene is differentially expressed for each spot on the array; we arbitrarily chose 'fold changes' of more than 1.5 or l-values greater than 19.5 as cutoffs). Approximately 60 genes were upregulated by IL-17, many encoding proinflammatory molecules, including chemokines and matrix metalloproteinases ( Table 1) . We found upregulation of expression of genes encoding chemokines CCL2, CCL7, CXCL1 and CCL20, as well as matrix metalloproteinases 3 and 13, and subsequently confirmed that finding by RT-PCR (Fig. 4) . Thus, IL-17 seems to directly induce inflammatory responses in primary fibroblasts. IL-17 has been suggested as being important for EAE pathogenesis 23 . To examine the mechanisms whereby IL-17 regulates central nervous system (CNS) inflammation, we used anti-IL-17, which inhibited IL-6 induction in MEFs treated with IL-17 but not in those treated with IL-17F ( Supplementary Fig. 1 online) . As T cells reportedly infiltrate the CNS by day 7 after MOG immunization 23 , we immunized B6 mice twice with MOG peptide and treated them intraperitoneally with anti-IL-17 or control rat IgG starting on day 9 and continuing every other day for a total of three injections. This treatment regimen resulted in a considerably delayed onset of disease compared with that of control mice (day 18 versus day 12; Fig. 5a ). At 6 d after the last antibody administration, the mice treated with anti-IL-17 began to develop signs of EAE. Consistent with the clinical signs, there was a characteristic mononuclear cell infiltrate in the white matter of spinal cords of mice treated with rat IgG, whereas there was no obvious cellular infiltration in mice treated with anti-IL-17 (data not shown). To further test the effect of anti-IL-17 after the onset of EAE, we delayed the antibody treatment until the mice used in the experiment developed signs of EAE. Even at this late stage, anti-IL-17 reversed the progression of EAE and resulted in reduced numbers of CD4 T cells and CD11b + macrophages in the CNS ( Supplementary Fig. 2 online) .
To determine if treatment with anti-IL-17 attenuated the activation of MOG-specific T cells in EAE, we obtained splenocytes from control mice and mice treated with anti-IL-17 and restimulated the cells ex vivo with MOG peptide. T cell proliferation and expression of proinflammatory cytokines TNF, IFN-g and IL-17 were not inhibited by treatment with anti-IL-17 ( Fig. 5b and Supplementary Fig. 2  online) . Thus, these data demonstrated that blocking IL-17 in the effector phase of EAE does not result in reduced generation or tolerance of autoreactive T cells.
We then determined the basis for lack of recruitment of autoreactive T cells and macrophages into the CNS in the mice treated with anti-IL-17. During EAE, several chemokines are induced considerably in the CNS 29 . Monocyte chemotactic peptide 1 and its receptor CCR2 have been suggested to be prominent during EAE initiation 30 . We therefore used real-time RT-PCR to assess chemokine expression in brain tissue after neutralization of IL-17. The expression of chemokines CCL2, CCL17 and CXCL1 was inhibited considerably after IL-17 blockade (Fig. 5c) . These data suggest that IL-17 derived from infiltrating T H cells probably mediates the inflammatory reactions in the CNS through regulation of chemokine induction. 
Il17 transgene overexpression causes inflammation in lungs
To further understand the action of IL-17 in vivo, we generated transgenic mice that expressed Il17 in lung epithelial cells using the Cc10 promoter (Fig. 6a) . We obtained two independent transgenic lines in which IL-17 production in bronchoalveolar lavage fluid could be detected by ELISA (Fig. 6b) and IL-17 mRNA could be detected by RT-PCR in total lung RNA (Fig. 6c) . The independent lines had similar phenotypes in lung pathology; however, male transgenic mice of one line developed disease much more slowly than their female littermates. We did histological analysis to determine the consequences of chronic overexpression of IL-17. At 3 months of age, Il17-transgenic mice had hypertrophic lung epithelium in the bronchus and bronchiole and obvious alveolar wall thickening compared with that of littermate control mice (data not shown). After 3 months of age, large, eosinophilic and sometimes multinucleated macrophages were frequently present in the lung parenchyma of the Il17-transgenic mice; between 5 and 10 months of age, Il17-transgenic mice had focal accumulation and infiltration of mononuclear cells, including nodular collections of mononuclear CD4 lymphocytes (Fig. 6d,e and data not shown) . Long, thin, needle-like crystals in the bronchioles (Fig. 6f) and mucus production by epithelial cells, visualized by periodic acid Schiff staining, were present in Il17-transgenic but not control mice (Fig. 6d) . Masson's trichrome staining also indicated substantial amounts of collagen on the subepithelium of bronchioles adjacent to lymphocyte aggregates in Il17-transgenic mice (Fig. 6d) . In contrast, control littermates had only loosely packed collagen.
We compared cytokine and chemokine gene expression profiles in lung tissues of Il17-transgenic mice and their littermate controls. We did not find upregulation of several T H 2-associated genes (Il4, Il5, Il9 and Il13; data not shown). However, the expression of several chemokines (CCL7, CCL22, CCL20, CCL11 and CX3CL1) was greatly increased (Fig. 6c) . We also found increases in the matrix metalloproteinase inhibitor TIMP-1 and matrix metalloproteinase 9, which has been noted in patients with airway inflammation 31, 32 . To determine if the induction of these inflammatory genes was directly caused by signals produced by IL-17, we treated MLE12 cells (a mouse lung epithelial cell line) with IL-17-Ig and then measured expression of those same genes. We noted a very similar expression profile of the genes discussed above in MLE12 cells after 6 h of treatment with IL-17-Ig, as well as treatment with TNF and IL-1b (Fig. 6g) . Other chemokines such as CCL1, CCL2 and CXCL1 were also upregulated by IL-17. These data indicate that IL-17 acts directly on epithelial cells to induce chemokine expression and that chronic IL-17 overproduction results in leukocyte infiltration and airway changes. Supplementary Fig. 3 online) . Although IL-17 has emerged as a crucial regulator in immune responses and diseases, its regulation is still poorly understood. Consistent with published reports 8, 23, 33 , we found that IL-17 was produced mainly by a subset of antigen-specific effector CD4 T cells in immune and autoimmune responses. Furthermore, differentiation of naive CD4 T cells to IL-17-producing effector T cells was mediated by the innate immune system through CD28 and ICOS costimulation. Although deficiency of B7-1 and B7-2 led to a reduction in all cytokines, ICOS stimulation seemed to be required for production of IL-4 and IL-17 but not of IFN-g. Compound deficiency in both CD28 and ICOS signals resulted in decreases in all T H subsets both in vitro and in vivo, supporting the idea that costimulation is required for proper activation of all T cell subsets for entry into effector differentiation programs.
Based on our analysis, differentiation of IL-17-producing effector T cells is independent of the mechanisms required for T H 1 or T H 2 cell development. IL-17 expression by CD4 T cells does not require IFN-g or the transcription factors T-bet or STAT4, all of which are essential regulators of T H 1 differentiation. In contrast, our data have shown that IL-4 negatively regulates the development of IL-17-producing effector T cells and IL-17 expression. We also found that overexpression of c-Maf, a T H 2-acting transcription factor, greatly inhibited IL-17 as well as IFN-g expression. Thus, our data indicate that IL-17-producing effector T cells are a previously unknown subset of CD4 T H cells.
The biological function of IL-17 also supports the conclusion that IL-17-producing effector T cells are a distinct T H subset. IFN-g produced by T H 1 cells is well known for its importance in antigen presentation and cellular responses to intracellular bacteria and viruses. Likewise, IL-4 and other cytokines derived from T H 2 cells have crucial functions in humoral immunity and allergic reactions. IL-17, in contrast, is important in tissue inflammation. We analyzed cellular responses to IL-17 and found that IL-17 induced expression of chemokines and matrix metalloproteinases in fibroblasts and lung epithelial cells, similar to the actions of TNF and IL-1. Those data are consistent with many reports in the literature supporting the idea of a proinflammatory function in vitro for IL-17 (ref. 15 ). We also found that blocking IL-17 resulted in attenuation and delay of EAE and reversed the progression of active EAE. Notably, the effect of anti-IL-17 could not be attributed to reduced T cell priming or cytokine expression but instead acted through the inhibition of chemokine upregulation in the CNS tissue. Consistent with that, there were fewer CD4 T cells and macrophages in the CNS of mice treated with anti-IL-17. Those data indicate that IL-17 is important in chemokine expression and tissue inflammation in EAE.
We also developed two transgenic mouse lines that chronically overexpressed IL-17 in lung epithelial cells. We found substantial inflammation and other airway changes such as mucus production and subepithelial collagen deposition in the transgenic mice, but no apparent neutrophilia 34, 35 . Instead, macrophages were the initial and dominant inflammatory cell type in the lung parenchyma starting as early as 3 months of age. Those findings, although different from the widely accepted idea regarding neutrophil recruitment as a chief function for IL-17, are in agreement with the hypothesis that IL-17 is critical in autoimmune diseases such as EAE and collageninduced arthritis, in which macrophages are the main inflammatory cells. Furthermore, whereas mucus production and Charcot-Leydenlike crystals are associated with IL-13-transgenic mice 36 , we did not find evidence of T H 2 cytokine expression in lungs of Il17-transgenic mice. In contrast, several chemokines were increased in Il17-transgenic mice, and they are probably the direct targets of IL-17, as treatment of a lung epithelial cell line with IL-17 resulted in upregulation of the genes encoding those chemokines. Thus, overexpression of IL-17 in lungs resulted in chemokine induction in epithelial cells and caused lung inflammation.
We have demonstrated here that IL-17 is crucial in inflammatory responses. Notably, the differentiation of IL-17-producing effector T cells and their IL-17 expression were negatively regulated by T H 1 and T H 2 cytokines. IL-12, IL-4 and IFN-g strongly inhibited the generation and population expansion of IL-17-expressing cells and their cytokine expression, which may serve as a protective strategy to 'fine-tune' the expression IL-17 so it does not cause excessive inflammation. Thus, balanced differentiation of T H cells is crucial for immunity and host protection. Abnormal expression of T H 1 or T H 2 cytokines will affect IL-17 expression and, in turn, may contribute to autoimmune disease.
In summary, we have characterized a previously unknown lineage of T H cells. These IL-17-producing effector T cells produce IL-17 that regulates inflammatory chemokine expression and responses. Further research on this subset of T H cells should demonstrate greater complexity of T H cell regulation and function in immune responses. Additional research may also show that modulation of IL-17-producing effector T cells therapeutically is an important method for treating T cell-mediated chronic inflammatory diseases.
METHODS
Generation of IL-17 recombinant protein. The cDNA sequences encoding the mature form of mouse IL-17 were amplified by PCR and were sequenced before being subcloned into the DES-Ig vector consisting of an insect expression plasmid pMT/BiP/V5-His A (Invitrogen) backbone and a human IgG1 Fc tag 28 . The primers used for cDNA amplification, with BglII and SpeI sites, respectively, were as follows: Il17 forward, 5¢-AGATCTGCGGCTACAGTGAAGGCA-3¢, and reverse, 5¢-ACTAGTGGCTGCCTGGCGGACAAT-3¢. According to the manufacture's protocol, the DES-IL-17-Ig construct was transfected together with a hygromycin-resistance plasmid (Invitrogen) into the drosophila cell line S2 to generate a stable cell line. After CuSO4 induction, IL-17-Ig fusion protein produced by the stable cell line was further purified with a protein A-agarose column (Sigma-Aldrich).
Ex vivo T cell responses. Mixed T cells and APCs from draining lymph nodes and spleen were prepared 7-11 d after immunization. Viable cells (3.75 Â 10 6 ) were cultured in complete medium with or without MOG peptide (amino acids 35-55) at various concentrations. Supernatants from activated cells were collected 72 h later and TNF, IFN-g and IL-17 were measured by ELISA (BD Pharmingen). For intracellular cytokine staining, spleen and lymph node cells from immunized mice were stimulated for 24 h with peptide antigen, and GolgiPlug (BD Pharmingen) was added in the last 5 h or GolgiPlug plus 500 ng/ml of ionomycin and 50 ng/ml of phorbol 12-myristate 13-acetate (PMA; SigmaAldrich) were added for 5 h. Cells were permeabilized with the Cytofix/ Cytoperm Plus Kit (BD Pharmingen) according to the manufacturer's protocol.
T H differentiation. Naive T cells, isolated from OTII mice by AutoMACS (Miltenyi Biotec) selection of CD4 T cells following the manufacturer's instruction, were cultured at a ratio of 1:1 with irradiated B6 splenic APC samples depleted of T cells, along with 10 mg/ml of OVA peptide (amino acids 323-339; ISQAVHAAHAEINEAGR) in the presence or absence of 100 ng/ml of IL-23 (R&D systems), 10 mg/ml of anti-IL-4 (11B11) or 10 mg/ml of anti-IFN-g (XMG1.2) or 'cocktails' of these reagents. The medium was changed when necessary but the concentrations of IL-23, anti-IL-4 and/or anti-IFN-g were maintained. Then, 5 d after being activated, cells were restimulated with 500 ng/ml of ionomycin and 50 ng/ml of PMA, after which cells producing IL-17 and IFN-g were analyzed by intracellular staining as described above.
DNA microarray protocol and data analysis. Mouse arrays consisted of 16,463 oligonucleotide probes in the Mouse Genome Set Version 2.0 (QIAGEN/ Operon). A Bio-Rad Versarray Chipwriter Pro with Telechem SMP3 spotting pins was used to spot these probes onto Corning GAPS2 substrates. Each oligonucleotide was spotted in duplicate on each array, such that the top and bottom halves of the array were identical. Probes were labeled by reverse transcription of total RNA with oligo(dT) primer (BD Bioscience) in the presence of indocarbocyanine-or indodicarbocyanine-labeled nucleotides to produce labeled cDNA. Labeled cDNA was then hybridized to arrays with Roche DIG hybridization buffer at 37 1C. A Packard BioChip ScanArray 5000 was used for scanning and MolecularWare's AnalyzerDG software was used for image analysis. Preprocessing of array data involved background subtraction followed by median normalization. Intensity measurements from three arrays, each containing two duplicates per probe, were combined for a total of six replicates per time point. A STATistical method that has been described 37 was then used on these replicates to determine likelihood of differential expression for the transcript associated with each probe. A threshold on this differential expression score was then applied across all time points to yield a subset of genes that were differentially expressed in at least one time point, and the resulting data were analyzed further by cluster analysis with the J-Express computer program.
